Due to the lack of axonal regeneration, age-related deterioration in the central nervous system (CNS) poses a significant burden on the wellbeing of a growing number of elderly. To overcome this regenerative failure and to improve the patient's life quality, the search for novel regenerative treatment strategies requires valuable (animal) models and techniques. As an extension of the CNS, the retinofugal system, consisting of retinal ganglion cells that send their axons along the optic nerve to the visual brain areas, has importantly contributed to the current knowledge on mechanisms underlying the restricted regenerative capacities and to the development of novel strategies to enhance axonal regeneration. It provides an extensively used research tool, not only in amniote vertebrates including rodents, but also in anamniote vertebrates, such as zebrafish. Indeed, the latter show robust regeneration capacities, thereby providing insights into the factors that contribute to axonal regrowth and proper guidance, complementing studies in mammals. This review provides an integrative and critical overview of the classical and state-of-the-art models and methods that have been employed in the retinofugal system to advance our knowledge on the signaling pathways underlying the restricted versus robust axonal regeneration in rodents and zebrafish, respectively. In vitro, ex vivo and in vivo models and techniques to improve the visualization and analysis of regenerating axons are summarized. As such, the retinofugal system is presented as a valuable model to further facilitate research on axonal regeneration and to open novel therapeutic avenues for CNS pathologies.
Introduction
Neurodegenerative diseases such as Alzheimer's, Parkinson's and Huntington's disease, multiple sclerosis, and glaucoma, as well as ischemic and traumatic central nervous system (CNS) insults, importantly contribute to the most devastating and costly neurological disorders of our society. Indeed, these currently incurable pathologies result in (progressive) neuronal degeneration, with widespread functional deficits such as movement and/or cognitive problems. In addition, since the population is rapidly aging, age-related neurodegenerative diseases are becoming one of the leading medical and social-economic challenges faced by the current society. These pathologies have a large negative impact on healthy life span because the CNS of adult mammals has only a limited capacity to replace lost neurons (i.e. de novo neurogenesis) or to repair damaged axons (i.e. axonal regeneration), the latter being the focus of this review. Ever since the pioneering work of Ramón y Cajal in the beginning of the twentieth century (Ramón y Cajal and May 1928) , the primary visual pathway has been extensively used as a model to study the mechanisms underlying the limited regenerative capacity in the adult CNS. Indeed, the retina and the optic nerve are the most accessible parts of the CNS, and have a well-characterized and conserved morphology and function (Benowitz and Yin 2007; London et al. 2013) .
As already observed by Cajal, damaged axons in the mammalian optic nerve show transient sprouting, but this response is abortive and does not result in long-range growth (Ramón y Cajal and May 1928 ). Yet, several early studies, including the observation that at least some retinal ganglion cells (RGCs) are able to regenerate injured axons into a peripheral nerve graft (PNG) (Ramón y Cajal and May 1928; Richardson et al. 1980; Aguayo 1981, 1985) , suggested that CNS regeneration is being prevented by growth-inhibitory factors, and/or by the lack of growthpromoting factors. In the 1980s, it was discovered that CNS myelin, but not peripheral nervous system (PNS) myelin, is highly suppressive to axonal growth (Schwab and Thoenen 1985; Schwab and Caroni 1988) . Today, many growthinhibitory factors of CNS myelin are identified, including the Nogo family, myelin-associated glycoprotein (MAG) and oligodendrocyte-myelin glycoprotein (OMgp). Another extrinsic barrier to growth is the glial scar formed by reactive astrocytes (Filbin 2003; Fischer et al. 2004; Silver and Miller 2004; Benowitz and Yin 2007; Berry et al. 2008; Fitch and Silver 2008; Fischer and Leibinger 2012; London et al. 2013) . Overcoming these inhibitory factors, as well as providing trophic support molecules can considerably enhance RGC axonal regeneration (Logan et al. 2006; Berry et al. 2008; Galindo-Romero et al. 2013; Shum et al. 2016) . Of the many neurotrophic molecules studied, cytokine ciliary neurotrophic factor (CNTF) has been repeatedly shown to stimulate regeneration of adult RGC axons, and is one of the best neuritogenic factors known so far (Cui and Harvey 2000; Muller et al. 2007; Hellstrom et al. 2011; Pernet et al. 2013a) . Here, it has to be noted that there is a clear difference between the pathways that stimulate RGC survival and axonal outgrowth. This is exemplified by the trophic factor brain derived neurotrophic factor (BDNF), which enhances neuronal survival when injected into the vitreous, but has a negative effect on axonal regeneration (Benowitz and Yin 2007; Fischer and Leibinger 2012) .
Nevertheless, the axonal outgrowth potential induced via the strategies described above is limited. Therefore, during the last years, more attention goes to stimulation of signaling pathways for intrinsic growth control. It has been shown that the Janus Kinase/Signal Transducers and Activators of Transcription (JAK/STAT) pathway is an important player in optic nerve regeneration, as deletion of its negative inhibitor suppressor of cytokine signaling 3 (SOCS3) markedly improves the regenerative outcome (Smith et al. 2009 ). Similarly, deletion of phosphatase and tensin homolog (PTEN), an upstream inhibitor of the mammalian target of rapamycin (mTOR) pathway, positively affects the regenerative response (Park et al. 2008) . Alterations in these pathways, whether or not combined with the induction of controlled ocular inflammation and glial reactivity or other regenerative treatments, result in more robust optic nerve regeneration (Kurimoto et al. 2010 (Kurimoto et al. , 2013 Sun and He 2010; Benowitz and Popovich 2011; de Lima et al. 2012; Lorber et al. 2012; Benowitz et al. 2017; Leibinger et al. 2016; Lim et al. 2016) . Nevertheless, full recovery after CNS injury or in neurodegenerative disorders remains a huge challenge. Indeed, the multifactorial treatments developed today can promote axonal extension, but navigation errors of growing axons are still an unsolved problem. Furthermore, correct synaptogenesis in the target areas, a prerequisite for functional recovery, remains largely unexplored Pernet et al. 2013b; Pernet and Schwab 2014) .
On the contrary, since Sperry's work in the 1950s, it has been demonstrated that adult teleost fish, as well as other anamniote vertebrates, have the ability to partially or even fully recover from injuries in the CNS, including the retinofugal system (Sperry 1948; Attardi and Sperry 1963) . The attempt to discover the mechanisms underlying these species differences in CNS regeneration led to the modern era of regeneration research. It is now well accepted that the remarkable capacity for CNS repair in teleost fish most likely arises from both a high intrinsic growth capacity and a limited inhibitory environment . Although early experiments on optic nerve regeneration have been performed mainly in goldfish, the zebrafish gained more attention in recent years and has now become an established model organism to study axonal regeneration Diekmann et al. 2015b ). Interestingly, in adult zebrafish subjected to optic nerve injury, RGC axons spontaneously regrow and reconnect with their target neurons in the brain, eventually restoring vision .
Within this review, we aim to highlight the current state of models and techniques that have been applied to unravel the mechanisms and signaling pathways underlying restricted or robust axonal outgrowth and regeneration after optic nerve injury. In vitro, ex vivo and in vivo methods to study axonal elongation will be discussed, as well as the most important electrophysiological and behavioral assays for the evaluation of functional recovery.
In vitro models to study axonal outgrowth

In vitro cellular studies in rodents
As compared to in vivo animal models of axonal injury, in vitro models are more suitable for efficient screening of axon growth promoting compounds, and have thus provided a significant contribution to the field. These simplified systems with strict control of environmental factors are beneficial in terms of time and cost-savings and often required to gain further insights in findings emerging from in vivo investigations (Koechling et al. 2011) . Within the field of in vitro studies, two main approaches can be distinguished: the use of an immortalized cell line, and primary RGC cultures (Goritz et al. 2007; Koriyama et al. 2011; Gupta et al. 2013; Steketee et al. 2014; Sugitani et al. 2016) . Immortalized cell lines offer the advantage of easy culturing and rapid growth. RGC-5 cells have been widely used in the past to study the neurobiology of RGCs, but the origin and nature of the cells have been highly debated in more recent years (Krishnamoorthy et al. 2013; Sippl and Tamm 2014) . R28 is another cell line of retinal origin, which is less controversial, and mostly used in neuroprotection studies (Seigel 2014) .
Importantly, however, transformed cell lines do not necessarily exhibit the same characteristic properties as their cells of origin. It is, therefore, essential to validate findings with biologically more relevant tools such as cultured primary RGCs (as well as with ex vivo and/or in vivo models, see below) (Krishnamoorthy et al. 2013; Sippl and Tamm 2014) . In contrast to immortalized cell lines, primary RGCs retain many of their native morphological, neurochemical and electrophysiological properties (Dumanskaya et al. 2011) . Culturing of RGCs and subsequent neurite outgrowth has been described for embryonic, newborn, and adult mice and rats. Of note, however, neurites from embryonic RGCs show the fastest outgrowth potential (Goldberg et al. 2002) . Interestingly, in postnatal mice, it has been demonstrated that an optic nerve crush (ONC) injury prior to the isolation of RGCs induces more rapid neurite outgrowth as compared to RGCs isolated from naive retinas. The injury may induce increased expression of growth-associated genes in the RGCs, thereby promoting neurite outgrowth in the primed retinas (Wu et al. 2003) . Isolation of primary RGCs from a retinal cell suspension can be performed via immunopanning, which is essentially the immunoprecipitation of the cells to a solid surface coated with RGC-specific antibodies such as thymus cell antigen 1 (Thy1). Alternatively, RGCs can be purified via magnetic separation, in which the cells are bound to magnetic beads, again coated with RGC-specific antibodies. Third, purification methods that combine immunopanning with magnetic separation are also in use (Inatani et al. 2001; Wehrwein et al. 2004; Ivanov et al. 2008; Surgucheva et al. 2008; Zhang et al. 2010; Hong et al. 2012 Hong et al. , 2014 Gupta et al. 2013; Steketee et al. 2014 ) (reviewed by Hong et al. 2012; Ghinia 2013) . However, obtaining pure RGC cultures with a sufficient number of cells is challenging, especially in mice. Therefore, many researchers switched to the use of mixed retinal (neuronal) cell cultures, which have proven valid to evaluate neurite outgrowth (Luo et al. 2001; Ahmed et al. 2010; Vecino et al. 2015; Morgan-Warren et al. 2016) . Importantly, the number of neurites as well as the neurite length is increased in cocultures of RGCs and Müller glia, compared to pure RGC cultures (Ruzafa and Vecino 2015) . An important advantage of these mixed cultures is the improved survival time and viability of the cells. However, RGCs may constitute only a limited percentage of the total retinal cells in these cultures, compromising the study of specific effects on RGCs (Zhang et al. 2002; Xu et al. 2011) .
Neuronal cell cultures can be applied for static or dynamic (time-lapse) follow-up of RGC neurite outgrowth rate and growth cone morphology and dynamics, which can be visualized either via addition of calcein-acetoxymethylester to the culture medium (Inatani et al. 2001; Zhang et al. 2010) , via immunostainings for β-tubulin, α-tubulin, γ-synuclein, neurofilament 68 kDa subunit or Thy-1 (Luo et al. 2001; Surgucheva et al. 2008; Gupta et al. 2013; Hong et al. 2014; Steketee et al. 2014) or using differential interference contrast (DIC) optics (Steketee et al. 2014) . Alternatively, transgenic lines where RGCs are fluorescently labeled, such as expression of yellow fluorescent protein (YFP) under the Thy1 promoter (Thy1-YFP), could also prove valuable. Yet, Thy1 expression is known to decrease in injured RGCs (Lindsey et al. 2013) , and it remains unclear whether the YFP signal remains stable enough for in vitro studies.
Coatings such as laminin, fibronectin, and collagen type I and IV enhance neurite outgrowth from retinal neurons. These extracellular matrix (ECM) molecules are produced by glial cells (as well as by fibroblasts), and it is well known that macroglia/astrocytes are a good substratum and guide for growing neurites, as shown via cultured embryonic retinal neurons grown on astrocyte monolayers (Neugebauer et al. 1988; Ard et al. 1991; Yoshida and Takeuchi 1991 ). Yet, astrocytes/glia also rapidly react to CNS injuries by changing their morphology and gene expression pattern. This might eventually lead to the formation of a glial scar. Pre-incubating cell culture plates with inhibitory glial scarassociated molecules, such as chondroitin sulfate proteoglycans (CSPGs) or myelin extracts, results in a reduced neurite outgrowth from purified RGCs (Inatani et al. 2001; Ahmed et al. 2009; Bermel et al. 2009 ). Thus, alternative coatings can be used to investigate the potential of compounds to interfere with or to abrogate the signaling pathways that prevent axonal outgrowth after addition of inhibitory myelin or glial scar-derived molecules (Ahmed et al. 2009; Bermel et al. 2009 ).
In vitro cellular studies in other vertebrates
Although the use of non-rodent retinal cells to study neurite outgrowth in vitro is rather uncommon, some early work has been performed in chicken Panzetta 1997, 1999) and goldfish (Cohen et al. 1989; Yazejian and Fain 1993; Schwalb et al. 1995) . Notably, an assay to investigate RGC axon outgrowth in dissociated mixed retinal cell cultures from zebrafish eyes was recently developed. Transgenic Tg(gap43:GFP) fish, which express green fluorescent protein (GFP) under control of the growth-associated protein 43 (gap43) promoter, resulting in a green fluorescent signal in RGCs only, allowed straightforward identification of these neurons in culture. Moreover, the GFP signal is also present in the growing RGC neurites, facilitating accurate quantification of their growth (Diekmann et al. 2015b) .
Conclusively, in vitro setups to study axonal outgrowth are well developed in rodents, and can serve as low cost screening methods for a variety of compounds in a wide range of experimental conditions. In vitro studies in other animals are scarce, but the availability of transgenic zebrafish to label RGCs might open up new avenues, as this model species brings the advantage of spontaneous adult regeneration.
Ex vivo models to study axonal outgrowth and guidance
Ex vivo tissue explant studies in rodents
In contrast to the in vitro experiments that employ immortalized cell lines or primary dissociated cell cultures described above, living tissue isolated from the organism can also be brought into culture. This approach is termed 'ex vivo'. Hereby, proper cell-to-cell and cell-ECM interactions are preserved and the 'natural' situation is thus better represented than in in vitro cellular models. Yet, ex vivo tissue explant systems still allow investigation under highly standardized conditions, offering a clear benefit over in vivo research in animal models (see below). In the context of the retinofugal system, retinal organotypic or explant cultures have been extensively used for the identification and validation of novel pro-regenerative substances (Atkinson et al. 1999; Bocker-Meffert et al. 2002; Monnier et al. 2003; Lagreze et al. 2005; Buyens et al. 2014; Gaublomme et al. 2014 ; Van de Velde et al. 2015) . Because of the (partial) resemblance of physiological intercellular processes and communications, they also allow investigating biophysical properties of ion channels in outgrowing axons/growth cones via whole cell, patch clamp recordings (Feigenspan et al. 2010) .
Rodent retinal explants are made by manually cutting retinal whole mounts into pieces, using a tissue chopper, or by creating punch biopsies with different diameters (Tsai et al. 1998; Monnier et al. 2003; Sagawa et al. 2007; Bermel et al. 2009; Buyens et al. 2014) . The neurites growing out from the retinal explants are assumed to be RGC axons based on the expression of appropriate markers, retrograde labeling, the directionality of emergence from the explant, their axonal morphology, and on the ability to conduct action potentials (Bates and Meyer 1997) . Of note, Thy1-YFP mice have recently been used to develop an organotypic culture model where RGCs are fluorescently labeled. This line provides a useful tool for time-lapse imaging of the outgrowing neurites (Johnson et al. 2016) . Retinal explants can be harvested from embryonic, postnatal or adult eyes, whether or not primed by optic nerve injury. However, similar to what has been described for dissociated RGCs, a striking age-dependent loss in axonal outgrowth ability has been observed (Goldberg and Barres 2000) . Retinal explants from adult rodents barely show outgrowing neurites, although their density and length depend on the experimental protocol used. Neurite outgrowth can be induced by adding appropriate growth factors (Ford-Holevinski et al. 1986; Cohen et al. 1994; Liu et al. 2006; Bermel et al. 2009; Gasparini et al. 2011) , or using explants from eyes primed via optic nerve injury (Tsai et al. 1998) .
Similar to studies on dissociated cells, retinal explants can be applied to explore whether a compound of interest supports axonal outgrowth by interacting with a nonpermissive environment, by breaking down the glial scar and/or by degrading myelin debris or other inhibitory/ repellent molecules, more specifically by adding molecules such as myelin extracts or CSPGs to the growth substratum (Monnier et al. 2003; Ahmed et al. 2009; Bermel et al. 2009 ). Interestingly, axonal guidance, modulated by growth cones at their distal tip, can easily be studied by culturing explants on striped patterns of bio-active molecules. Using these stripe assays and evaluating the response of growing axons to these molecules, novel guidance molecules have been identified (Drescher et al. 1995; Monnier et al. 2002 Monnier et al. , 2003 Knoll et al. 2007) . Another assay to identify axonal attractants or repellents is the growth cone collapse assay, in which isolated axons are confronted with target-derived membranes or purified proteins under study and changes in growth cone morphology and growth direction are assessed (Drescher et al. 1995; Monnier et al. 2002; Cook et al. 2014) .
Our research group recently established a postnatal murine retinal explant model to study axonal outgrowth (Gaublomme et al. 2013; Buyens et al. 2014 ; Van de Velde et al. 2015; Van Hove et al. 2015) . This model is based on a previously described rat explant model, in which retinas from rat pups of 10 days old (postnatal day 10, P10) were used and neurite outgrowth was quantified after 3 days in culture (Lagreze et al. 2005 ). As we found that neurite outgrowth decreases rapidly after birth and may also become more variable ( Fig. 1 ), conform previous reports (Goldberg et al. 2002) , we have used retinal explants from mice at day of birth (P0) or P3, to obtain a better and more consistent neurite outgrowth profile. Axonal outgrowth from explants can easily be visualized via immunostaining for the axonal marker β-tubulin, and automatically quantified as previously described (Gaublomme et al. 2013 ; Van de Velde et al. Mouse retinal explants were dissected at postnatal day 0 (P0, day of birth) (a), P3 (b) and P7 (c) and their neurite outgrowth was quantified after 72 h using a β-tubulin immunostaining. P0 retinal explants showed significantly more neurite outgrowth as compared to explants harvested at P3 and P7. No significant difference in neurite outgrowth was observed between P3 and P7 explants. Data are represented as mean ± SEM, P0 neurite outgrowth was set at 100%. **p < 0.01 compared to P0, n ≥ 21 (d) 1 3 2015), or using an ImageJ script, such as the one developed in our laboratory (Fig. 2) . These scripts allow for fast detection of neurite outgrowth, with the possibility to distinguish between neurite outgrowth initiation and neurite elongation by dividing the neurite outgrowth area into four segments. Of note, it is also worthwhile to visualize glial processes extending from the retinal explants via immunolabeling for glial fibrillary acidic protein (GFAP) (Gaublomme et al. 2013 ). As mentioned above, the expression of growth factors and guidance molecules by activated retinal glia highly contributes to RGC axonal lengthening (Muller et al. 2007; Lorber et al. 2009 Lorber et al. , 2012 . In addition, glia might enhance RGC neurite outgrowth and pathfinding by acting as a scaffold for new neurites (Lorber et al. 2009; Toops et al. 2012 ).
Ex vivo tissue explant studies in other vertebrates
The use of retinal explants from rodents largely outnumbers those harvested from eyes of other amniotes, such as chicken and pig. Protocols for culturing retinal explants from chicken embryos have been described by different research groups (Hoff et al. 1999; Thangaraj et al. 2011; Paschon et al. 2013; Shirazi Fard et al. 2015) , however, until now, chick explants have only rarely been employed to study axonal regeneration (Thanos et al. 1992) . Likewise, porcine retinal explants are mostly used to analyze neuroprotection and cell survival, rather than neurite outgrowth MartinezFernandez; de la Camara et al. 2014; Taylor et al. 2014; Bell et al. 2016) . Regarding anamniote models, retinal explants harvested from goldfish or zebrafish have also been used to test the putative effect of both intrinsic and extrinsic factors on RGC outgrowth/regeneration, albeit to a more limited extend (Nusetti et al. 2005; Veldman et al. 2007 Veldman et al. , 2010 Cubillan et al. 2012; Ou et al. 2012; Ogai et al. 2014) . To culture fish retinal explants, retinas are chopped into small squares and transferred to poly-L-lysine-coated well plates. After an incubation period of 1-4 days, the number of neurites, their length and/or density can be quantified (Becker and Becker 2002; Becker et al. 2004; Veldman et al. 2007 Veldman et al. , 2010 Elsaeidi et al. 2014; Ogai et al. 2014; Welte et al. 2015; Van Houcke et al. 2017 ).
In conclusion, methods for rodent ex vivo studies are well described. As the in vivo situation is better represented than in dissociated cell cultures, and (semi) high-throughput screening of compounds and/or experimental conditions is still possible, ex vivo approaches provide a valuable bridge between in vitro and in vivo studies. Although rodent research outnumbers explant studies in other vertebrates, insights from other animals may provide valuable insights as well. In order to account for staining and imaging imperfections that can cause small gaps between two neurite pieces, neurites are dilated to bridge small gaps after a noise removal step (e). Particles unattached to the explant body are removed and neurites are returned to their initial thickness (f). After removal of the explant body, only the outgrowing neurites remain, with an optimal signal to noise ratio (g). This neurite picture is divided into four segments by drawing three concentric circles, each 100 µm further from the explant body. Quantifying the neurite outgrowth area in these segments makes distinction between neurite outgrowth initiation (closer to the explant body) and neurite elongation (further from the explant body) possible (h) In vivo models to study axonal regeneration
In vivo models in rodents and other amniotes
Models and methods to induce optic nerve regeneration
Although ex vivo retinal explants closely resemble the natural situation, real in vivo models allow the study of axonal regeneration, guidance and reinnervation of the visual pathway in all its complexity. The retinofugal system, and more specifically RGCs and their axons, which constitute the optic nerve, has been used as an experimental model to study axonal regeneration in the mammalian CNS. To unravel the processes and mechanisms of axonal degeneration and to investigate the impact of a certain compound or intervention on long-distance axonal regeneration in vivo, two rodent injury models in the visual system have been used: optic nerve transection (ONT) followed by a PNG, and ONC combined with various growth-promoting treatments.
The ONT-PNG model was the first in which rodent RGC axonal regeneration was studied in vivo (So and Aguayo 1985) and provided the first convincing evidence of the capacity of mammalian RGCs to regrow and to make synaptic connections with their target neurons in the brain (VidalSanz et al. 1987) , followed by recovery of visual function (Sauve et al. 1995; Thanos et al. 1997 ). In this model, the dural sheath of the optic nerve is longitudinally excised, after which the RGC axons are transected. Next, an autologous peripheral sciatic nerve graft is transplanted inside the dural sheath at the orbital stump of the transected optic nerve and directed to the superior colliculus. This enables some RGCs to regrow their injured axons over long distances through the PNG Cen et al. 2012) , reinnervate their target neurons, make synaptic connections, and restore visual function (Richardson et al. 1980 (Richardson et al. , 1984 David and Aguayo 1981; Benfey and Aguayo 1982; Vidal-Sanz et al. 1991) . This axonal regeneration through the graft is supposed to be mediated by molecules released by the graft and acting on RGCs soon after injury, and/or due to the absence of an inhibitory environment in the peripheral nerve . Importantly, whereas Schwann cells support axonal regeneration in the PNS, the contribution of oligodendrocytes to axonal growth and phagocytosis of debris is highly limited (Dezawa and Nagano 1993; Dezawa et al. 1997) . However, the numbers of regenerated fibers remain quite low and the vast majority of RGCs just dies after axotomy (Watanabe et al. 1997) . Of note, next to the retrobulbar transplantation described above, also intraretinal transplantation has been performed, in which the PNG was inserted into the retina via a scleral perforation, resulting in a more permissive environment for outgrowth since the axotomised RGCs can access the PNG directly (So and Aguayo 1985; Berry et al. 1996 Berry et al. , 1999 Inoue et al. 2000 Inoue et al. , 2002 .
The ONC model, on the other hand, is currently the most widely used rodent injury model to study axonal regeneration in the rodent visual system. In this model, the optic nerve is damaged by crushing it, while the meningeal sheath remains intact. Importantly, surgical parameters, such as the duration of the crush or the distance of the crush site from the eye, can vary among research groups, which may contribute to differences in the timing and progress of the molecular and cellular processes following ONC. During the last decade, it has repeatedly been shown that RGCs can be induced to regrow axons over long distances after optic nerve injury (Sun et al. 2011; Pernet et al. 2013b; Belin et al. 2015; Bohm et al. 2015; Duan et al. 2015; Li et al. 2015; Sharma et al. 2015) . Treatments that stimulate the acute inflammatory response after ONC, such as lens injury or intravitreal injection of either the yeast cell-wall extract zymosan or the lipopeptide Pam3Cys, have proven to promote axon growth (Fischer and Leibinger 2012; Benowitz et al. 2017) . Nowadays, most studies focus on the underlying mechanisms of inflammatory stimulation, and on reprogramming the intrinsic growth capacity in general. Among the various signaling pathways currently known to be involved in CNS axon regeneration, the mTOR pathway seems to be one of the most promising targets. Indeed, different research groups have shown that a remarkable regenerative response is induced upon deletion of PTEN, an upstream inhibitor of the mTOR pathway, whether or not combined with other growth-promoting treatments, such as inflammatory stimulation or SOCS3 deletion (Park et al. 2008; Kurimoto et al. 2010; Luo et al. 2013; Leibinger et al. 2016) . Strikingly, it has recently been demonstrated that partial visual recovery after ONC can be achieved in rodents. One study that makes use of a combinatorial treatment of PTEN deletion, intraocular inflammatory stimulation and elevation of intracellular cyclic adenosine monophosphate (cAMP) levels, reports that mouse RGC axons can regrow along the entire visual pathway and reinnervate some of their target areas, coinciding with partial recovery of visual behavior (de Lima et al. 2012) . Of note, this striking result has so far not been reproduced by other researchers using the same treatment paradigm ). However, long-distance axon regeneration, target-specific reinnervation and partial recovery of visual behavior have been observed after the stimulation of mTOR activity via overexpression of the positive regulator Ras homolog enriched in brain 1 (Rheb1) in combination with visual stimulation or chemogenetic approaches to increase RGC activity (Geeraerts et al. 2016; Lim et al. 2016) . The latter technique involves the use of synthetic Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) to stimulate or suppress neuronal activity (Urban and Roth 2015; Lim et al. 2016) . Despite these promising findings, full functional recovery has not yet been achieved in mammals, which can at least partly be attributed to aberrant growth trajectories of regenerating RGC axons. Indeed, misguidance of regenerating axons is one of the remaining problems and an important challenge in future research Pernet et al. 2013a, b) .
Of note, axonal regeneration and target reinnervation have also been studied in a mouse model of optic tract transection, where RGC axons are severed just proximal to the superior colliculus, minimizing the regenerative distance. There, it has been found that RGC axons can be stimulated to correctly reinnervate the superior colliculus by either a PTEN and SOCS3 co-deletion, or co-overexpression of osteopontin, insulin-like growth factor 1 (IGF-1), and CNTF. Although these treatments enable the formation of functional synapses, recovery of visual function requires additional stimulation of axon potentials conduction within the still unmyelinated axons, which can be achieved via the administration of voltage-gated potassium channel blockers (Bei et al. 2016) .
Next to rodents, also other amniote vertebrates have been employed to study axonal regeneration within their visual system, albeit only sporadically. One early study describes for instance a model for optic nerve transection in both monkeys and rabbits (Quigley et al. 1995) . ONC has also limitedly been applied in reptiles, where a heterogeneous, yet dysfunctional response to optic nerve injury is observed (Dunlop et al. 2004 ). However, after incomplete optic nerve injury, the presence of some axons that remained intact allows the regenerating ones to restore topography (Dunlop et al. 2007 ).
Imaging modalities to evaluate optic nerve regeneration
Traditional methods to visualize regenerating axons in the rodent visual system often rely on immunohistochemistry. This implies that at defined time points after injury, optic nerves are isolated, sectioned and stained, mostly for GAP43. This marker is expressed in growing axons of all vertebrates, both during development and regeneration (Doster et al. 1991; Leon et al. 2000; de Lima et al. 2012) . However, while this approach is ideal for visualizing growing axons, its major drawback is the inability to label regenerated axons that stopped growing, and thus no longer express GAP43 (de Lima et al. 2012) .
To circumvent this problem, axonal tracers can be used. In a first approach, anterograde tracers can be applied, either via intravitreal injection or at the nerve stump in case of ONT. They are taken up by RGCs and actively transported throughout the regenerating axons, which can thus be visualized after longitudinal sectioning of the optic nerve. The most commonly used tracers for anterograde transport are horse radish peroxidase (HRP), rhodamine isothiocyanate (RITC) and fluorescently labeled Cholera toxin subunit b (CTB) Vidal-Sanz et al. 1987; Angelucci et al. 1996; Leon et al. 2000; Sapieha et al. 2003; Okada et al. 2005; de Lima et al. 2012) (Fig. 3a) . In an alternative approach, the regenerating RGC population can also be retrogradely traced. This can be achieved either by positioning a tracer (such as HRP or Fluorogold) at the proximal end of the optic nerve stump, or by administering Fluorogold to the superior colliculus one week prior to axotomy. The retrograde tracers are transported back to the retina, where the RGCs that successfully regenerated their axons can be counted (Ng et al. 1995; Cui et al. 1999; Sapieha et al. 2003; Nadal-Nicolas et al. 2015a) (Fig. 3b) . When comparing anterograde and retrograde tracing methods, it is clear that retrograde tracing has the advantage of straightforward quantification of regenerating RGCs (by simply counting their fluoro-labeled somata). On the other hand, anterograde tracing offers the possibility to quantify regenerating axons Anterograde tracers are applied proximal to the injury site (indicated as a red line), either via intravitreal injection or impregnated in gelfoam, directly at the nerve stump. Labeled regenerated axons can be detected beyond the lesion site in the nerve or in the target area in the brain (a). For retrograde labeling, the tracer is administered at the distal nerve end (in gel-foam) or in the brain, and is transported back towards the retina, where the RGC somata that successfully regenerated their axons can be visualized and counted (b) 1 3 at multiple distances along the optic nerve or in the brain. Moreover, when combined with optical clearing (see below), anterograde but not retrograde tracing can be used to evaluate correct axonal navigation and pathfinding. However, it is important to note that the tracers may not only label regenerating, but also spared axons. Damaged (but not severed) axons possibly have a disrupted microtubule structure that restricts tracer transportation, which recovers later on. These spared axons will thus be invisible in early but not later phases of regeneration, and could thus be mistaken for regenerating axons (Fischer et al. 2017) .
The use of transgenic mouse lines that express a fluorescent reporter gene would make immunostaining or tracing of regenerating RGC axons obsolete. Transgenic mice expressing cyan fluorescent protein (CFP) controlled by the Thy1 promotor have been used in regenerative studies of the optic nerve. Here, the loss of CFP signal was correlated with the gradual decline of RGC axons after ONC or ischemic optic neuropathy (Dratviman-Storobinsky et al. 2008) . Recently, a GAP43:luciferase-GFP mouse line was generated, which showed expression of GAP43 during neuronal development and after neuronal injury. Although generally silent in the adult CNS, expression is strongly upregulated in regenerating axons, thus omitting the need for tracer injections or post-mortem immunostainings (Gravel et al. 2011) .
The methods described above require the samples to be sectioned and individually examined under a microscope, which is time consuming. Furthermore, sectioning results in axon fragmentation and loss of 3D information, making the identification of axon turns and branching laborious and difficult. To overcome these technical hurdles, optical clearing and whole mount imaging of the optic nerve are emerging methods of choice. Over the past decade, several experimental protocols have been developed to preserve and clear nervous tissues (Dodt et al. 2007; Chung and Deisseroth 2013; Ke et al. 2013; Pernet et al. 2013b; Luo et al. 2014) . The combination of optically cleared tissue and multiphoton or light sheet fluorescence microscopy (LSFM) allows the visualization of regenerating axons in the entire optic nerve. To envisage the regenerating axons, an anterograde tracer is applied intraocularly, or alternatively, a transgenic reporter line can be used. Following cardiac perfusion and fixation, the tissue can be made optically clear using a variety of clearing solutions. A detailed overview of these agents and their properties has been described by Lee et al., 2016 . Several clearing methods have been applied to study optic nerve regeneration, such as benzyl alcohol-benzyl benzoate (BABB) Pernet et al. 2013b; Yungher et al. 2015) and immunolabeling-enabled three-dimensional imaging of solvent-cleared organs (iDISCO) (Renier et al. 2014 ). The time required for a tissue to turn transparent varies between the different protocols. Once translucent, the specimen can be imaged using LSFM, thereby constructing a 3D image of the sample. In contrast to multiphoton microscopy, LSFM has a much larger working area as well as a faster imaging time, making this type of microscope ideal for this type of work (Erturk et al. 2012) . One point of concern is that clearing agents can distort the morphology of the sample, either by shrinking or expanding the tissue during and after optical clearing. Nonetheless, quantitative measurements of regenerating axons can be made. Although this method has already changed the way we envisage and analyze regenerating axons, it has one major drawback in that it cannot be used for in vivo longitudinal experiments.
The possibility to visualize regenerating axons at consecutive time points within one animal can only be achieved by non-invasive imaging methods, such as manganeseenhanced magnetic resonance imaging (MEMRI). This technique makes use of the paramagnetic properties of manganese ions (Mn 2+ ), which are taken up by neurons via L-type voltage-gated Ca 2+ channels (Narita et al. 1990 ), enabling the imaging of regenerating RGC axons (Ryu et al. 2002; Thuen et al. 2005 Thuen et al. , 2009 Chan et al. 2008; Haenold et al. 2012; Sandvig et al. 2012; Fischer et al. 2014; Sandvig and Sandvig 2014; Yang et al. 2016) . To visualize optic nerve regeneration, MnCl 2 is injected intravitreally, where it is taken up by the RGCs and anterogradely transported along axonal microtubule. As such, axonal de-and regeneration can be followed (Haenold et al. 2012) . Recently, MEMRI has also been used to quantify structural changes in the retina and optic nerve following injury (Yang et al. 2016) . However, an important drawback of MEMRI is the risk for toxicity when Mn 2+ is administered repeatedly and/ or in high doses. Both in laboratory animals and in humans, serious adverse neurological effects of excessive manganese accumulation in the CNS have been reported (Brouillet et al. 1993; Erikson et al. 2005; Thuen et al. 2008 ). This drawback should be taken into account when applying MEMRI for the follow-up of optic nerve regeneration.
As an alternative to MEMRI, diffusion tensor magnetic resonance imaging (DTI) has also been applied to visualize axonal tracts without the need for contrast agents. This technique is based on the anisotropic diffusion of water molecules in axons, meaning that water tends to move along the axon, rather than perpendicular to it (Le Bihan et al. 2001; Beaulieu 2002) . Thus, DTI can be used to noninvasively trace the optic nerve. However, this technique requires notoriously long scan times (up to several hours depending on the acquisition parameters). Therefore, the most widely spread DTI method is single-shot echo-planar imaging (EPI), a technique that allows data acquisition of a 2D image with a single excitation, making it faster and more efficient, and enabling in vivo scanning. However, the use of EPI is limited by low spatial resolutions and it may suffer from 1 3 image distortions (Alexander et al. 2007; Sun et al. 2008; Bammer et al. 2009 ). Yet, thanks to technical advances in diffusion imaging over the last decade (which are beyond the scope of this review), brain studies on a larger scale have been made feasible. DTI has even been used in a recent study of the retinofugal pathway in human subjects (Kammen et al. 2016) . Nevertheless, despite these advances of in vivo magnetic resonance imaging (MRI), the acquired resolution is lower than what can be obtained using conventional fluorescent microscopy, precluding the visualization of a single axon. It is also important to note that MRI requires specialized equipment and expertise.
Thus, although the technology to image regenerating axons is rapidly evolving, current methods are still limited in their capability to visualize single axons without harming the animal. Although the resolution of MRI images will further improve in the future, it is unclear whether they will ever reach the level required for single axon tracing. Nonetheless, the mammalian optical system remains an interesting model system to study axonal regeneration and will surely contribute to the development of more sensitive (and less harmful) imaging modalities.
Zebrafish and other anamniotes
Models and methods to study spontaneous optic nerve regeneration
Similar to mammals, many zebrafish studies focusing on axonal regeneration have been performed in the visual system. Surgical lesioning of the optic nerve is a routinely applied approach as well. It can be performed easily by gently lifting the eye out of its orbit and subsequently injuring the optic nerve. Two injury paradigms are currently in use: ONT and ONC. In the first model, the nerve is cut with scissors, thereby creating a proximal and distal nerve stump that are physically separated from each other. In contrast, in the ONC model, the nerve is crushed with forceps to separate the axons, but leaving the connective tissue around them intact, and thus holding the proximal and distal ends together (Becker et al. 2000; McCurley and Callard 2010; Fleisch et al. 2011; Lemmens et al. 2015; Van Houcke et al. 2017) . As expected, the ONT model is somewhat more drastic and regeneration progresses slower as compared to ONC (Zou et al. 2013) .
Immediately after optic nerve injury in adult zebrafish, the spontaneous regeneration program will be initiated. Interestingly, almost all RGCs will survive the lesion (Kato et al. 2013; Zou et al. 2013) , which is highly contrasting to the extensive cell death observed in rodent models (Berkelaar et al. 1994; Kalesnykas et al. 2012; Nadal-Nicolas et al. 2015b; Yukita et al. 2015) . The subsequent regenerative process can be divided in different major phases, based on a combination of morphological, physiological, biochemical and behavioral methods (McCurley and Callard 2010; Kato et al. 2013) . After an initial injury response phase (< 1 day post injury, dpi), the RGCs prepare for axonal outgrowth (1-7 dpi). This stage is characterized by a strong increase in the retinal expression of tuba1a (α-tubulin 1) and gap43, two well-known biochemical markers for the regeneration process. Subsequently, axons elongate and grow towards their target neurons in the brain (5-18 dpi). During this stage, tuba1a and gap43 are still upregulated, but their levels have started to decrease. To make functionally meaningful connections with their target neurons, RGC axons have to follow the correct path. Evidence suggests that there is indeed appropriate expression of guidance cues that can be used by the regenerating axons (Becker and Becker 2007) , which is also reflected by the observation that only little reinnervation errors are made . This is in contrast to the papers describing misguidance of induced axonal regeneration after ONC in rodents Pernet et al. 2013a, b) . RGC axons innervate different areas in the zebrafish brain, of which the optic tectum is the largest and by far the most studied target area in optic nerve regeneration research (Becker et al. 2000; Becker and Becker 2007; Erskine and Herrera 2007) . The first regenerating axons reach the optic tectum within the first week after injury (Kato et al. 2013; Bhumika et al. 2015) . Finally, after target contact and synaptic refinement (14-25 dpi), retinal expression of tuba1 and gap43 is decreased to baseline levels. Correct tectal reinnervation includes restoration of the retinotopic map, which is achieved around 6 weeks after the optic nerve lesion Becker 2007, 2014) . Complete visual repair, including complex behaviors with visual aspects such as chasing and shoaling, is restored at 60-100 dpi (Bormann et al. 1998; Hieber et al. 1998; Becker 2007, 2014; McCurley and Callard 2010; Kato et al. 2013) .
The progression speed of the regenerative process is not only determined by the type of damage (ONC versus ONT), but is also highly affected by the precise position of the injury site along the ON. Damaging RGC axons close to the optic nerve head (i.e. close to the cell soma) results in more rapid regeneration, as compared to injuries closer to the optic chiasm (unpublished own observations). Therefore, it is essential to standardize and report the exact location of optic nerve injury.
Although the zebrafish is currently the most used anamniote model system for the study of optic nerve regeneration, goldfish have been extensively used as well, although predominantly in earlier years. It is, therefore, also a wellcharacterized model organism for the study of axonal regeneration in the visual system (Nona 1995; Matsukawa et al. 2004 ). Similar to zebrafish, the regenerative process after optic nerve injury can be divided in different phases, and functional recovery is complete after approximately 6 months, which is thus much slower than in zebrafish (Meyer and Kageyama 1999; Rasmussen and Sagasti 2016) . Another important disadvantage of the goldfish model is the lack of genetic tools (Rasmussen and Sagasti 2016) , which contributes to the decreased popularity of the goldfish in recent years.
Apart from fish models, amphibian species (such as Rana pipiens, Hyla Moorei and Xenopus laevis) hold great potential for in vivo regeneration studies. Intriguingly, in adult amphibia, optic nerve axotomy induces cell death in approximately 40-70% of the RGCs, yet, the surviving RGCs partially or even fully regenerate and connect with their targets in the optic tectum (Humphrey and Beazley 1985; Beazley et al. 1986; Soto et al. 2003; Duprey-Diaz et al. 2016) . The time course and spatial distribution of regenerating axons after optic nerve injury is well-characterized. Tectal reinnervation of frog RGCs starts from about 6 weeks after axotomy and RGC axons restore a topographic visual projection into the optic tectum, which coincides in most species with recovery of normal visual responses (Maturana et al. 1959; Singman and Scalia 1991; Dunlop et al. 1997; Dunlop 2003; Liu et al. 2012) .
Imaging modalities to evaluate optic nerve regeneration
To study correct pathfinding and tectal reinnervation after optic nerve injury in zebrafish, a number of different in vivo tracing approaches are in use (Becker et al. 2000; Becker and Becker 2002) .
First, anterograde labeling techniques can be performed (Fig. 3a) . In this approach, the tracer molecules are delivered proximal to the injury site, either via injections in the eye (Kaneda et al. 2008; Elsaeidi et al. 2014) or by transecting the optic nerve and applying it there directly (Becker et al. 2000 (Becker et al. , 2004 . The tracer will be taken up by regrowing axons, and transported towards the growth cones. Detection is done beyond the injury site, usually the axons that have reached the optic tectum are quantified on transverse brain sections. As in rodent models, anterograde labeling has the advantage that the path of the regenerating axons can be followed, allowing the detection of possible navigation errors or incorrect patterning. Of note, in case the tracer is applied directly on the nerve, for which additional severing (e.g. transection of the optic nerve) is necessary, it is of importance that the tracers are applied and transported quickly, before the rapid disintegration of the distal part of damaged optic nerve fibers (Becker et al. 2000) . Frequently used anterograde tracers are tagged dextrans (Elsaeidi et al. 2014 ) and biocytin. The latter is transported very rapidly, and labeling axons in the adult zebrafish optic tectum takes only about 2.5-4 h. Making use of biocytin's high affinity for avidin, traced axons in the tectum can be easily visualized with common immunohistochemistry techniques (Becker et al. 2000 (Becker et al. , 2004 Munzel et al. 2014; Bhumika et al. 2015; Lemmens et al. 2015 Lemmens et al. , 2016 .
On the other hand, retrograde labeling methods are better suited to analyze regeneration over shorter distances and/or during the early stages of the regenerative process (Fig. 3b) . Hereby, a few days post lesioning, the optic nerve is transected about 1-3 mm distal to the original injury site to place the tracer molecule, which is then transported towards the retina by the regenerated axons. The latter approach offers the advantage of easily counting labeled RGC somata in the retina. Furthermore, it allows calculating the percentage of RGCs that contributes to regeneration (Van Houcke et al. 2017) . For retrograde labeling in zebrafish, mostly dextrans coupled to fluorophores are in use (Zou et al. 2013; Elsaeidi et al. 2014; Welte et al. 2015; Williams et al. 2015; Van Houcke et al. 2017 ). In addition, Zou and coworkers have developed a retrograde tracing method without the need for additional severing of the optic nerve (Zou et al. 2014) . After removing the skull at the side where regenerating RGC axons are reinnervating the optic tectum, a piece of gelfoam impregnated with the lipophilic dye 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) is placed on the tectum. The tracer DiI is highly fluorescent and photostable when incorporated into the membrane, and the signal is preserved for a long time (Choi et al. 2002) . DiI is taken up by RGC axons and transported towards the retina where the labeled RGC somata can be counted (Zou et al. 2014) . For regeneration studies, DiI is typically applied a few days after the injury, thereby only targeting RGC axons that have already regrown into the optic tectum. Of note, one should take into consideration that some RGC axons might have reached the tectum, but have not yet transported the dye back to their somata at the time of cell counting, yielding an underestimation of regenerated RGCs (Zou et al. 2013) .
Endogenous markers that are specifically expressed in regenerating RGCs and present in their axons permit bypassing the need to trace the regrowing axons, a clear advantage over both methods described above. However, this approach still requires immunohistochemical staining for the endogenous marker. Two well-characterized genes, tuba1a and gap43, meet the criteria of such a marker. Indeed, both tuba1a and gap43 have long been recognized as a hallmark for axonal growth during CNS development in vertebrates, while their expression declines drastically upon CNS maturation. However, in neurons with regenerative potential, such as zebrafish RGCs after optic nerve injury, they are re-induced throughout the regeneration process, which could thus be followed by keeping track of gap43 or tuba1a expression, as was discussed in section "Imaging modalities to evaluate optic nerve regeneration" (Hieber et al. 1998; Goldman et al. 2001; Kaneda et al. 2008; Udvadia 2008; Kusik et al. 2010; McCurley and Callard 2010; Diekmann et al. 2015b) .
In this prospect, transgenic zebrafish lines where GFP expression is driven from either a fragment of the zebrafish alpha1 tubulin gene (Tg(tuba1a:GFP)) (Goldman et al. 2001) , or the compact Takifugu rubripes gap43 promoter (Tg(fgap43:GFP)) (Udvadia 2008) were created. In both cases, GFP expression very closely resembles the endogenous expression of tuba1a or gap43, respectively. Thus, these two comparable transgenic lines form useful tools to study the underlying mechanisms of the flawless axon regeneration in zebrafish in vivo (Veldman et al. 2010; Elsaeidi et al. 2014; Diekmann et al. 2015a, b; Williams et al. 2015 ). In a recently described method, the Tg(fgap43:GFP) line was employed to study the (re)growth of individual axons within whole mount optic nerves, which were cleared in a way similar to what has been described above in rodents (Diekmann et al. 2015a, b) . This approach, which enables detailed visualization of the regenerating RGC axons without the need for tissue sectioning, might open up new avenues to study axonal regeneration in zebrafish.
Evaluation of functional recovery after optic nerve injury
Complete recovery after optic nerve injury does not only require long-distance axon regeneration and subsequent reinnervation of the appropriate brain regions, but also implies full restoration of visual function. In the following sections, electrophysiological techniques, as well as the most important behavioral assays that are currently in use, are discussed.
Electrophysiology
Historically, electrophysiology has been an important technique to investigate optic nerve regeneration and target reinnervation. It allows rapid and precise assessment of the patterning of RGC axons in the visual brain areas (Stirling et al. 1998) . Not surprisingly, these studies are mostly performed in species that show at least some spontaneous regeneration. In Xenopus, electrical activity after a stimulus light spot is recorded by an electrode that is positioned at different sites on the tectum (Gaze et al. 1963) . Electrophysiology has been used to study retinotectal mapping (Keating and Gaze 1970; Gaze et al. 1974; Willshaw et al. 1983 ) and tectal reinnervation of regenerating Xenopus RGC axons. Their presence in the tectum can be demonstrated electrophysiologically around 10-20 days after optic nerve injury (Gaze and Grant 1978) . Similar measurements of electrical activity in the regenerating retinotectal system have also been performed in goldfish and zebrafish (Northmore 1989a, b; McDowell et al. 2004 ).
In contrast to fish and frogs, optic nerve regeneration in lizards is incomplete. Anatomical studies revealed that RGC axons arrive in their target areas around 2 months after the injury but lack topographic order. Yet, there is electrophysiological evidence for a transient ordering. By recording the electrical activity at different locations on the tectal surface, a limited topographic order could be observed between 4.5 and 6 months after optic nerve damage, which seems to disappear again thereafter (Stirling et al. 1999) . Notably, visual training seems to improve functional recovery, likely by stabilizing and refining the transient retinotectal map, both at morphological and electrophysiological levels (Beazley et al. 2003) .
Electrophysiological measurements have also been employed to study functional recovery after optic nerve injury in rodents. However, because of the restricted regenerative capacity, the technique can only be used in injury models where the damage to the optic nerve is only partial, or where regeneration is stimulated. Functional recovery can be assessed by stimulating the animal with a flash of light, and measuring the visually evoked potential (VEP) in the visual cortex (Yoles et al. 1996; Miyake et al. 2007 ). Alternatively, an ex vivo preparation of the optic nerve can be used for electrophysiological measurements. After stimulation at the proximal end of the nerve, action potentials are recorded at the distal end (Duvdevani et al. 1990; Sautter et al. 1991; Yoles et al. 1996) . Additionally, in a model where RGC axons are provided with a PNG, electrical activity of the regenerating nerves can be measured through an electrode carrier device that has been implanted at the optic nerve stump. Regenerating axons grow through perforations in the electrode carrier, which is then used for in vivo electrophysiological measurements of the optic nerve (Heiduschka et al. 2001 ).
In conclusion, electrophysiology encompasses a range of valuable approaches that can be used to assess functional recovery after optic nerve injury. However, this technique has not been used in more recent publications, as the field seems to have adopted other methods to evaluate restoration of visual function, such as the behavioral assays described below.
Behavioral assays
Vision-driven behavioral tests in rodents
Although functional recovery after optic nerve regeneration in mammals remains challenging, some recent studies have reported partial reinnervation of visual target areas in the brain, as well as limited functional recovery, as demonstrated using behavioral assays. The list of behavioral tests below is not intended to be exhaustive, but provides an overview of the assays that have already been described in the context of optic nerve regeneration (de Lima et al. 2012; Lim et al. 2016) (Fig. 4) .
A first vision-guided behavioral test for rodents is based on the pupillary light reflex (PLR). Here, visual function is evaluated by measuring the constriction of the pupil upon shining light into the eye of dark-adapted animals. The response depends only on proper connections between intrinsically photosensitive RGCs and the olivary pretectal nucleus . After optic nerve injury and subsequent pro-regenerative treatment, one study found a (partial) recovery of the PLR response (de Lima et al. 2012) , while another did not (Lim et al. 2016) . Of note, the results may be compromised by melanopsin signalling within the iris, which can cause pupillary constriction without neural input (Xue et al. 2011) .
The PLR can be complemented with the optomotor response (OMR), which relies on the accessory optic system (Sun et al. 2015) . It is elicited by a moving repetitive stimulus pattern, typically vertical black and white stripes. Hereto, an unrestrained mouse or rat is positioned on a small platform surrounded by computer monitors facing inward. If the animal does perceive the rotating striped pattern that is shown on the screens, it will move its head in the direction of the drifting gratings. To assess visual function, the lowest spatial frequency and/or contrast that can still be tracked, is measured (Prusky et al. 2004; Jeffrey et al. 2011) . Significant, but not yet complete recovery of the OMR has been achieved after optic nerve injury followed by growth-stimulating treatments (de Lima et al. 2012; Lim et al. 2016) . Of note, restoration of the OMR has also been shown in the optic tract transection model, after regenerative treatment that included PTEN deletion (Bei et al. 2016 ). This behavioral assay could thus serve as an alternative model to study functional recovery.
Third, the looming avoidance test assesses the response to a visual fear cue, which is presented as a dark expanding disk overhead, to which mice react by either freezing or fleeing to an escape area. This behavior is dependent on the retino-collicular pathway. In the experimental setup, a chamber where the animal can hide is provided, and the looming stimulus is presented at the top of the chamber. Visual function is evaluated by scoring the behavioral response to the stimulus (Yilmaz and Meister 2013; Zhao et al. 2014; Shang et al. 2015) , and can be partially restored after optic Fig. 4 Schematic representation of visual behavior assays in adult rodents. The behavioral tests represented here are the optomotor response (OMR), the looming response test, the pupillary light reflex (PLR), and the visual cliff test. For the OMR, the large arrow indicates the rotation direction of gratings, while the small arrow indicates according head movements nerve injury followed by a growth-stimulating treatment (Lim et al. 2016 ).
Another well-described assay is the visual cliff test. Here, depth avoidance behavior is tested in a chamber with a transparent floor, half of which is resting on a platform ('safe side'), while the other half is hanging elevated from the ground ('cliff side'). To emphasize the illusion of a dropoff, a checkerboard pattern is placed under both sides of the chamber (Glynn et al. 2003 ). An animal is scored for the percentage of time it spends at the safe side, or for the choice it makes on which side to step down when put at the border between the two regions (Pinto and Enroth-Cugell 2000) . As depth perception requires proper connections to the dorsal lateral geniculate nucleus (dLGN) and the primary visual cortex (V1), cliff avoidance is considered more complex than the behaviors described above, and significant recovery of it after optic nerve injury has not yet been achieved (de Lima et al. 2012; Lim et al. 2016) .
Finally, visual function can also be assessed via the circadian activity patterns. Mice are mostly active during nighttime, and are capable of adapting this rhythm to phase shifts in the light/dark cycle. This synchronization depends on proper connections between intrinsically photosensitive RGCs (ipRGCs) and the suprachiasmatic nucleus (SCN) . By monitoring the activity of individual mice that received a pro-regenerative treatment after optic nerve injury, it has been shown that their activity pattern is again synchronized with the light/dark cycle, although a considerable delay compared to healthy mice is observed (de Lima et al. 2012) . 
Vision-driven behavioral tests in zebrafish
In high contrast to rodents, zebrafish spontaneously recover from optic nerve injuries, also at the functional level. A non-exhaustive list of behavioral tests to investigate the re-establishment of visually-guided behavior in fish is provided below ( Fig. 5 ; Table 1 ) (Kaneda et al. 2008; Zou et al. 2013; Elsaeidi et al. 2014; Ogai et al. 2014; Diekmann et al. 2015a) .
A first simple behavioral assay is the so-called 'escape response' (ER). This visual test is based on the tendency of fish to hide for threatening objects, or a 'phantom predator'. Hereto, fish are placed in a transparent round aquarium, with an opaque column in its center. A rotating drum containing a black segment in a white background positioned around the aquarium will elicit an escape response, as it triggers the fish to hide behind the central pole (Li 2001; Neuhauss 2003) . Although the ER is a robust response, a major drawback of this assay is the fact that it takes large defects in visual function to be effectively picked up, making it difficult to ascribe it to an exact visual function (Cameron et al. 2013) .
Related to the ER is the OMR, the same behavior that is frequently tested in rodents. In the fish setup of this test, the animal is allowed to swim freely in a round aquarium with an opaque center. If it does perceive the rotating pattern, it tends to follow the direction of movement (Maaswinkel and Li 2003; Neuhauss 2003) , thereby circling around the midpoint. However, since zebrafish continue to swim randomly if no pattern is perceived, care should be taken when analyzing the obtained data. After optic nerve injury, the OMR starts to recover around 2 weeks, and is fully restored at 28-35 dpi, which is in accordance with the time course of tectal reinnervation, as previously mentioned (Kaneda et al. 2008; Kato et al. 2013; Zou et al. 2013; Becker and Becker 2014) .
Another well described and frequently used behavioral test is based on the optokinetic response (OKR), which consists of stereotyped eye movements that are innate to virtually all vertebrates, evoked by movements in the environment around the subject. First, eyes will move slowly and smoothly in accordance with the direction of movement, which is followed by a fast reset of eye position in the opposite direction, also called saccades (Huang and Neuhauss 2008; Mueller and Neuhauss 2010; Tappeiner et al. 2012) . For OKR measurements, the same black-andwhite striped revolving drum as for the OMR can be used, however, restraining the fish body is essential to record eye movements only. In general, the OKR is more relevant and reliable than the OMR and the ER, it is more robust and can be quantified more easily (Mueller and Neuhauss 2010; Cameron et al. 2013) . Importantly, the OKR recovers more quickly than the OMR. A complete OKR is already achieved 14 days after optic nerve axotomy. The discrepancy between recovery time for OKR and OMR, might be explained by the fact that different neuronal circuits are needed for both responses (Kato et al. 2013) .
Finally, a straightforward visual test based on the dorsal light response (DLR) has been applied to assess optic nerve regeneration in adult zebrafish. The DLR is the tendency of fish to turn their back to the light source, as light will always come from above in their natural environment. Different set-ups to assess the DLR can be employed. One possibility is to place the fish in a tight tube, and to spin a light source slowly around it. If the visual system is intact, the fish will turn its back towards the direction of the light (Yanagihara et al. 1993; Neuhauss 2003) . In the context of visual impairment after optic nerve damage, the DLR can also be easily observed as a slightly oblique swimming position. Indeed, fish will swim with the undamaged eye downwards, thereby attempting to equalize the amount of light entering both eyes. This tilted position will gradually return to the normal horizontal posture upon the regeneration process. Thus, measuring the angle between the horizon and the imaginary line connecting the center of both eyes in a frontal view is a simple method to evaluate functional recovery after optic nerve damage, which does not require specialized software or hardware equipment (Callahan and Mensinger 2007; Lindsey and Powers 2007; Diekmann et al. 2015a) . Under normal conditions, the swimming position is already significantly improved within 2 weeks after ONC (Diekmann et al. 2015a ).
In conclusion, the extended availability of different behavioral tests in rodents and zebrafish will contribute to a better understanding of the functional repair of visual functions, as they functionally complement the data from morphological studies. Insights gained from behavioral tests might be of great interest to further explore the regenerative potential of certain molecules and pathways after optic nerve injury and in related neurodegenerative diseases. 
Conclusion
Dysfunction of the CNS after brain injury or in neurodegenerative diseases has a significant effect on human life quality. As adult mammals lack a robust regenerative capacity, neurodegeneration in the mammalian CNS is irreversible. Much of the progress related to studying axonal regeneration comes from investigations using the retinofugal system in rodents and zebrafish. Complementary in vitro, ex vivo and in vivo approaches in the visual system enable profound investigations to elucidate the underlying mechanisms of axonal de-and regeneration. In addition, these models are amenable to test novel drug compounds or therapeutic strategies to overcome regenerative failure in the mammalian CNS. The development of higher-resolution imaging technologies, aiming to better visualize or trace regenerating axons in rodents and zebrafish, is boosting, as is the generation of novel transgenic animal lines, further simplifying and speeding up future studies on axonal regeneration. Notably, these novel tools should also allow a better investigation on axonal guidance mechanisms and growth cone dynamics, which is currently, next to long-distance regeneration, a major hurdle for proper target innervation. Finally, the continued development of fast and clear assays to evaluate functional visual recovery after optic nerve injury in different model organisms will contribute to a better understanding of the multifactorial causes underlying the limited regenerative capacity in the mammalian CNS and to our search for novel integrative treatment strategies.
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